
UC Davis
UC Davis Previously Published Works

Title
Functional polymorphism in lycopene beta-cyclase gene as a molecular marker to predict 
bixin production in Bixa orellana L. (achiote)

Permalink
https://escholarship.org/uc/item/0mh6r7kx

Journal
Molecular Breeding, 36(9)

ISSN
1380-3743

Authors
Trujillo-Hdz, JA
Cárdenas-Conejo, Y
Turriza, PE
et al.

Publication Date
2016-09-01

DOI
10.1007/s11032-016-0555-y
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0mh6r7kx
https://escholarship.org/uc/item/0mh6r7kx#author
https://escholarship.org
http://www.cdlib.org/


Functional polymorphism in lycopene beta-cyclase gene
as a molecular marker to predict bixin production in Bixa
orellana L. (achiote)
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Abstract Bixin is an apocarotenoid obtained from
the seed aril of Bixa orellana L., a tropical plant

known as achiote in Mexico. This compound is the

second most commonly used natural colouring for
food and pharmaceutical industries. B. orellana is an

outcrossing species that displays high genetic vari-

ability. Recently, the colour traits of sexual organs
were associated with the biosynthesis and accumula-

tion of bixin in mature seeds. Herein, we describe a

new approach for genotype–phenotype association by
surveying lycopene beta-cyclase (Bob-LCY1) gene

variation in sixteen achiote accessions divided into
three groups according to contrasting traits, such as

flower colour, fruit colour and bixin production. Using

a combination of single-strand conformational poly-
morphism techniques and the sequencing of polymor-

phic bands, we identified several single-nucleotide

polymorphisms that divided the accessions into three
haplotypes. Surprisingly, we observed that these three

haplotypes were consistent with the same three groups

previously characterized by phenotypic traits. We
derived a putative sequence for the Bob-LCY1 gene

and surveyed the variations in this sequence. The

heterozygosity of Bob-LCY1 alleles resulted in a
higher bixin content, likely associated with heterosis

for this metabolite. These findings augment the
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toolbox available for the selection and genetic

improvement of B. orellana and provide a reliable

phenotype–genotype association method for commer-
cial varietal selection, contributing to the development

of laboratory techniques to identify desirable traits of

commercial plant species.

Keywords Annatto ! Bob-LCY1 gene !Carotenoids !
SNP ! SSCP ! Heterosis

Introduction

Achiote or Bixa orellana L. (locally known as
‘achiote’) is a perennial tree, native to the Neotropics

(Arce 1999) and the only cultivated species in the

Bixaceae family (Ambrósio Moreira et al. 2015). This
species has one of the lowest estimates for the amount

DNA among angiosperms, 4C = 0.78 pg with

2n = 14 chromosomes (Hanson et al. 2001; De
Almeida et al. 2006). Bixa orellana L. was domesti-

cated in the Neotropics, although it is not clear where

or from which wild populations, and there is evidence
that Bixa urucurana Willd. is a subspecies of B.

orellana L. and likely the wild ancestor of cultivated

annatto or achiote (Ambrósio Moreira, et al. 2015).
Bixin is a natural colouring apocarotenoid derived

from the carotenoid biosynthesis pathway (Jako et al.

2002; Bouvier et al. 2003). This molecule accumulates
in the seed aril of B. orellana L. and is primarily used

as a colouring for dairy products, drinks and in the

pharmaceutical industry (Giuliano et al. 2003). Addi-
tionally, achiote seeds are the basic ingredients of a

condiment used to prepare traditional dishes in

Mexico and other parts of the world (Godoy-
Hernández 2000; Avendaño-Arrate et al. 2012).

Nevertheless, the production and trade of this com-

pound are affected by the heterogeneity of bixin levels
accumulated in the mature seeds of different plant

varieties, reflecting the high genetic variability of this

species (Rivera-Madrid et al. 2006). Given the
economic potential of bixin, the early identification

of promising plants in breeding programmes would be

advantageous. Previous studies aimed at genetic
improvement have identified the phenotypic traits of

achiote plants associated with differential pigment

accumulation in mature seeds, such as the colour of the
flower and fruit and pod dehiscence (Rivera-Madrid

et al. 2006; Valdez-Ojeda et al. 2010; Rodrı́guez-Ávila
et al. 2011). However, genetic selection based on

sexual traits is difficult because the first flowering

occurs in the third or fourth year after seed germina-
tion, followed by the annual flowering. Thus, a

molecular marker that could be used in young

individuals to detect more productive plants would
be an important tool to improve field yields.

Carotenoids are metabolites widely distributed in

plants, contributing to the flavour, colour and/or aroma
of the flowers and fruits (Moise et al. 2014; Nisar et al.

2015). In both plants and algae, the carotenoid

pathway involves the cyclization of lycopene. Both
a- and b-cyclase are needed for the biosynthesis of a-
carotene, which contains an e- (produced by a-
cyclase) and a b-ionone ring (produced by b-cyclase),
while b-carotene is produced only by the enzyme

lycopene-b-cyclase (b-LCY) (Cunningham et al.

1996; Cunningham and Gantt 1998; Yuan et al.
2015). Carotenoids can also be cleaved at any of their

conjugated double bonds, resulting in a diverse set of

apocarotenoids (Auldridge et al. 2006) that can be
modified through dioxygenases, hydroxylases and

epoxidases to produce physiologically important b-
apocarotenoids, hormones such as abscisic acid
(ABA) and strigolactones. In addition, apocarotenoid

modification can produce pigments such as crocetin

and aromatic compounds, such as b-cyclocitral, a- and
b-damascenone, geranial, genaryl acetone, b-ionone,
which are also commercially valuable products (Pfan-

der and Schurtenberger 1982; Bouvier et al. 2003;
Frusciante et al. 2014; Nisar et al. 2015; Yuan et al.

2015).

Bixa orellana produces bixin, an orange-red apoc-
arotenoid that accumulates in high concentrations and

accounts for 80 % of the total carotenoids present in

seeds (Rivera-Madrid et al. 2006). Using a heterolo-
gous system, previous studies have shown that

lycopene is transformed via a series of reactions,

involving a CCD4 dioxygenase enzyme (BoLCD), an
aldehyde dehydrogenase (BoBADH) and a methyl-

transferase (BoBMT), into bixin and bixin dimethyl
ester (Bouvier et al. 2003).

The analysis of B. orellana gene transcripts encod-

ing carotenoid biosynthesis enzymes revealed that
PDS, b-LCY and e-LCY genes are highly regulated at

different stages of plant development and in plant

accessions with different flower and fruit colours
(Rodrı́guez-Ávila et al. 2011). Thus, in two accessions
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of achiote differing in pigment content, Bob-LCY1
mRNA expression was correlated with carotene

accumulation (Rodrı́guez-Ávila et al. 2011). Addi-

tionally, in some plants, such as capsicum, water-
melon, papaya and maize, DNA sequence

polymorphisms in cyclase genes are associated with

the pigment phenotype (Bang et al. 2007; Ha et al.
2007; Harjes et al. 2008; Devitt et al. 2010). Based on

these observations, the aim of the present study was to

investigate the existence of polymorphisms in the
Bob-LCY1 gene in different achiote accessions and

test a potential correlation to bixin levels. Here, we

identify molecular markers using single-strand con-
formation polymorphism (SSCP) and DNA sequenc-

ing, showing that polymorphism at Bob-LCY1 is

associated with colour and bixin yield.

Materials and methods

Achiote plant accessions

Sixteen B. orellana individuals from the germplasm

bank located in CRUPY (Centro Regional Universi-

tario de la Peninsula de Yucatan, Mexico) were chosen
for this study based on the associations observed

previously between the plant colour traits and bixin

accumulation in mature seeds (Rivera-Madrid et al.
2006; Valdez-Ojeda et al. 2010; Rodrı́guez-Ávila et al.

2011). These plants were originally collected from

Yaxcaba, Cooperativa and Chicxulub Pueblo (the
achiote plantation of the ‘La Extra’ Company), from

the cultivation region of Yucatan State located at

latitude 20!130 to 20!290 and longitude 88!550 to
89!540. Each of these B. orellana plants could result

from selfing or from crossing (Valdez-Ojeda et al.

2010; Lombello and Pinto-Maglio 2014). They were
genetically and morphologically characterized.

Genetic analysis based on SNPs demonstrated their

heterogeneity (Valdez-Ojeda et al. 2008). The plants
were divided into three groups according to bixin

content and the following contrasting morphological
characteristics: group 1 showed white flowers, green

and indehiscent fruit, and comprised five individuals,

herein referred to as P12, P13, P19,N20 andP37; Seven
plants (N1, N3, N4, N6, N9, BC and Co32) formed

group 2 and showed pink flowers and green dehiscent

fruit with red spines; and group 3 comprised accessions
N5, N8p, C1 and C6, showing purple flowers and red or

yellow dehiscent pods (Fig. 1). The young leaves were
harvested from all accession plants and immediately

stored in liquid nitrogen, transported to the laboratory

and stored at -80 !C for subsequent analyses.

Determination of the bixin content

The bixin contents in mature seeds called stage 3 (S3)

were spectrophotometrically quantified. This protocol

was specifically developed for B. orellana seeds
(Mckeown and Mark 1962) using a formula consid-

ering the extinction coefficient of chloroform. Pigment

was extracted from the dried seeds of three biological
replicates using chloroform (5 ml CHCl3 per 100 mg)

for 30 min, and each sample was measured in

triplicate. The bixin content was measured at 404
and 500 nm using a spectrophotometer (DU6-650

Beckman) and calculated using the formula according

to McKeown and Mark (1962).
An analysis of variance was carried out on the data

obtained using Statgraphics and complete randomiza-

tion. Duncan multiple comparison tests (n = 3;
p B 0.5) were performed on the variables. Values

labelled with the same letter are not significantly

different.

Isolation and cloning of the lycopene beta-cyclase

Bob-LCY1 gene

To isolate and verify the Bob-LCY1 cDNA sequence

(KT359004) in annatto identified by Cárdenas-Conejo
et al. (2015), we designed specific primers (50 GAAC

CACCATACGAGCTTTACC 30 and 50 CCCTTGGC

CATAATCTCTATCC 30). The predicted amplicon
size based on oligonucleotides is 1770 bp and includes

most of the open reading frame (ORF) of Bob-LCY1
and the 50UTR. Total RNA was extracted from leaves
using a PureLinkTM Micro-to-MidiTM (Invitro-

gen,USA) following Rodrı́guez-Ávila et al. (2009).

The cDNA was synthesized using the SuperScript III
First-Strand Synthesis System for the RT-PCR kit

(Invitrogen, San Diego, CA) according to the manu-
facturer’s instructions. DNA was extracted from

leaves using the DNeasy" Plant Mini Kit, according

to the manufacturer’s instructions (QIAGEN, Nether-
lands). We amplified the cDNA and genomic DNA of

annatto leaves using the same primers.

The PCR reactions were performed in a total volume
of 15 ll, containing 0.6 units of FastStart Taq DNA,
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0.6 mM 109 buffer with MgCl2, 0.39 GC-RICH

solution (F. Hoffmann-La Roche Ltd, Switzerland),

200 lMdNTPs (Invitrogen,Carlsbad,CA,USA),1 lM
of each primer (Sigma-Aldrich, USA) and 10 ng of

cDNAorDNA, using the following programme: 1 cycle

at 94 !C for 4 min, 40 cycles at 90 !Cfor 30 s, 62 !Cfor
30 s and 72 !C for 1.5 min and a final extension at

72 !C for 7 min. The purified PCR products were

cloned into the pGEM-T Easy vector (Promega Corpo-
ration, Madison, USA) and sequenced at Clemson

University Genomics Institute (CUGI, USA).

Phylogenetic and sequence analysis of Bob-LCY1

A phylogenetic reconstruction was based on the
alignment of 28 sequences of b-LCY protein from

16 plant species (Table S1). The analysis was

performed using algorithms included in MEGA5

(Tamura et al. 2011). The phylogenetic tree was
inferred using the maximum-likelihood method

based on the Jones–Taylor–Thornton (JTT) substi-

tution model (Jones et al. 1992) and gamma
distributed (G). The substitution model was pre-

dicted using the best-fit substitution model (ML)

function included in MEGA5. A phylogeny test was
conducted using the bootstrap method (1000 repli-

cates). All positions containing gaps and missing

data were eliminated. The alignment was performed
using a ClustalW algorithm with default parameters.

The phylogenetic tree was rooted with b-LCY
protein from Chlamydomonas reinhardtii a single-
cell green alga.

Fig. 1 Representative achiote phenotypes of the plants analysed in the present study. Group 1, G1 green fruit with white flowers;
Group 2, G2, green fruit with red spines and pink flowers; Group 3, G3, red fruit with purple flowers. (Color figure online)
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SNP detection using the SSCP method in Bixa

orellana L.

To detect SNPs along the Bob-LCY1 gene, the SSCP

technique was used, and the resulting polymorphic

bands were sequenced (Orita et al. 1989; Hayashi
1991). This is an effective method for the easy, rapid

and economically feasible detection of DNA muta-

tions or nucleotide changes. Changes in the sequences
were detected based on differences in the migration of

single strands of DNA in non-denaturing acrylamide

gels and were verified through sequencing only the
bands with differential profiles (Orita et al. 1989;

Hayashi 1991).

Eight specific primer pairs (B2, B3, B4, B5, B6, B7,
B8 and B9), which only amplify Bob-LCY1 under the

established conditions were designed based on the

sequence obtained from the transcriptome (Acc. No.
KT359004) using Primer3 (Table S2). Fragments of

approximately 200 bp along the length of the Bob-
LCY1 gene were amplified. The genomic DNA of Bixa
orellana L. for SNP detection was isolated from the

selected accession plants using the DNeasy! Plant

Mini Kit, according to the manufacturer’s instructions
(QIAGEN, Netherlands). Using 10 ng of genomic

DNA from each sample as template, eight pairs of

primers were used for amplification (Table S2). Each
reaction comprised a final volume of 15 ll, with 0.6

units of FastStart Taq DNA, 0.6 mM 10x buffer with

MgCl2, 0.39 GC-RICH solution (F. Hoffmann-La
Roche Ltd, Switzerland), 200 lM dNTPs (Invitrogen,

Carlsbad, CA, USA), 1 lM of forward/reverse

oligonucleotides (Sigma-Aldrich, USA) and the PCR
programme included 1 cycle at 94 "C for 4 min,

followed by 35 cycles at 90 "C for 30 s, 62 "C for 30 s

and 72 "C for 50 s, with a final extension at 72 "C for
7 min. For the SSCP analysis (Orita et al. 1989), 3 ll
of PCR product was used with 3 ll of LoadDye

(0.05 % bromophenol blue, 0.05 % xylene cyanol,
24 % formamide and 20 mM EDTA). The samples

were heated to 94 "C for 4 min for denaturing and

immediately incubated on ice for 5 min. The samples
were subsequently separated on acrylamide gels

(Model S2, GibcoBRL), using 0.5X Acrylamide

Solution for Mutation Detection (Sigma-Aldrich,
USA). The electrophoresis conditions were 200 V,

15 mA and 5 W power for 20 h at 22 "C, using 1X

TBE electrophoresis buffer. After electrophoresis, the
gel was silver stained to visualize the bands according

to the protocol of Bassam et al. (1991). The gels were
subsequently scanned using a ScanJet 6300C (Hew-

lett–Packard, USA) to store the image for analysis.

Polymorphic bands were cut from the gel using a
scalpel and placed separately in a 1.5-ml Eppendorf

tube, containing 50 ll of elution solution (0.5 M

ammonium acetate, 10 mM magnesium acetate
tetrahydrate, 1 mM EDTA (pH 8.0) and 0.1 % (w/v)

SDS (Maxam and Gilbert 1977; Sambrook et al.

1989). The reactions were subsequently incubated for
12 h at 37 "C. One-third of the total volume of DNA

solution from each band was used as a template for

PCR reamplification using the primers mentioned
above. The reaction resulting from this PCR was

purified with the High Pure PCR Product Purification

Kit (F. Hoffmann-La Roche Ltd, Switzerland),
according to the manufacturer’s instructions, and

submitted for sequencing to Clemson University

Genomics Institute (CUGI, USA).

Primer design for identification of specific alleles

To develop an easy and convenient assay for geno-

type–phenotype association, two suitable forward

primers were designed for PCR amplification of the
allele of interest in the Bob-LCY1 gene in achiote. The
reverse primer B7 was used in both cases for

amplification. These forward primers were named
F-HA (Forward haplotype A) and F-HC (Forward

haplotype C). The F-HA primer (50-CCAATTCTAG-

CACTCTCACG-30) is located between nucleotide
coordinates 496–515 of the Bob-LCY1 cDNA

sequence (KT359004). The last nucleotide in this

primer (G) is positioned in the SNP G515T, this
nucleotide (G) confer specificity to Bob-LCY1 gene

from haplotype A plants. On the other hand, the F-HC

primer (50-CAAGAAGGAGAATCTTGAGC-30) is
located between nucleotide coordinates 533–552 of

the Bob-LCY1 cDNA sequence (KT359004). In this

case, the last nucleotide (C) is positioned in the SNP
T552C, and this last nucleotide in F-HC primer

(C) confers specificity to Bob-LCY1 gene from
haplotype C plants. Therefore, this two-primer system

can be used to detect the homozygotes plants from

haplotype A (HA), haplotype C (HC) and the
heterozygotes plants from haplotype B (HB). Each

reaction comprised a final volume of 15 ll, containing
0.6 units FastStart Taq DNA, 0.6 mM 109 buffer with
MgCl2, 0.39 GC-RICH solution (F. Hoffmann-La
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Roche Ltd, Switzerland), 200 lM dNTPs (Invitrogen,

Carlsbad, CA, USA) and 1 lM of forward/reverse

oligonucleotides (Sigma-Aldrich, USA). The PCR
programme comprised 1 cycle at 95 !C for 5 min,

followed by 28 cycles at 95 !C for 30 s, 62 !C for 30 s

and 72 !C for 50 s and a final extension at 72 !C for
7 min.

The bands resulting from this amplification were

sequenced to confirm the correct amplification
(Fig. S4). In order to test the effectiveness of these

primers, they were tested in eleven additional acces-

sions from the tree groups (Fig. S5).

Expression analysis of BoLCY1 and BoLCY2

by Quantitative PCR

Total RNA was extracted from seeds of three different

development stages S1 (0–7 days), S2 (7–14 days)

and S3 (14–21 days) of achiote plants using the
method of Rodrı́guez-Ávila et al. (2009). The cDNA

was synthesized using the SuperScript III First-Strand

Synthesis System for the RT-PCR kit (Invitrogen, San
Diego, CA) according to the manufacturer’s

instructions.

Bob-LCY1 and Bob-LCY2 genes expression was
analysed using the iCycler IQ real-time PCR detection

system (Bio-Rad, Hercules, CA, USA). The PCR mix

comprised a final volume of 15 ll, containing 100 ng
of cDNA as template, Platinum" SYBR"Green qPCR

SuperMix-UDG (Invitrogen, Carlsbad, CA) and 1 lM
of forward/reverse specific oligonucleotides form
Bob-LCY1 and Bob-LCY2 (Table S1) (Sigma-Aldrich,

USA). The amplification programme included incu-

bation at 50 !C for 2 min and 95 !C for 1 min to
activate the Platinum" Taq DNA polymerase, fol-

lowed by 35 amplification cycles of 30 s at 95 !C, 30 s

at 61.3 !C and 30 s at 72 !C, with a final extension of
10 min at 72 !C. The 18S ribosomal RNA was used as

an internal control (FW 50 CGGCTACCACATCCAA

GGAA30 and RW 50 GCTGGAATTACCGCGGCT

30; GenBank: AF206868). Each quantitative PCR
experiment was conducted in duplicate, and the entire

procedure was repeated three times to calculate the

standard error for each sample. The real-time PCR
results were analysed using the 2-DDCt method (Livak

and Schmittgen 2001), with appropriate validation

experiments (Real-time PCR. Applications Guide
Bio-Rad).

Results

Gene structure and identities with orthologous

The sequence obtained from cDNA amplification was

1770 bp long as predicted from the transcriptome
(Cárdenas-Conejo et al. 2015), sharing 99.2 % iden-

tity with the cDNA of Bob-LCY1 (KT359004)

(Fig. S1). The sequence from genomic DNA ampli-
fication was 1925 bp (KU640956). The genomic

sequence revealed that the 50UTR gene region con-

tains an intron (155 bp).
The amino acid sequence predicted from the full-

length cDNA of Bob-LCY1 isolated in this work

showed an identity range between 77 and 88 %with b-
LCY proteins of other dicotyledonous plants, such as

Jatropha curcas (88 %), Populus thrichocarpa

(87 %), Prunus persica (87 %), Vitis vinifera
(86 %), Citrus sinensis (86 %), Citrus maxima

(86 %), Theobroma cacao (85 %), Carica papaya

(85 %) and Ricinus communis (85 %). Pairwise com-
parison between the Bob-LCY1 protein and the

previously isolated b-LCY protein for B. orellana

(GenBank: AJ549288) showed 79 % identity, indi-
cating that they are different proteins. The comparison

of Bob-LCY1 protein with its orthologue facilitated

the identification of conserved regions between the
cyclases (Fig. S2), consistent with the reports of

Cunningham et al. (1996), Hugueney et al. (1995).

In most dicotyledonous plant species, two genomic
copies of the lycopene beta-cyclase gene have been

identified (Fig. S3). These two copies are expressed
differentially and in different plant organs during

development (Devitt et al. 2010; Ronen et al. 2000;

Pecker et al. 1996). Consistent with observations in
other species, two beta-lycopene cyclase genes (Bob-
LCY1 and Bob-LCY2) were identified in the Bixa

orellana transcriptome (Cárdenas-Conejo et al. 2015).
The phylogenetic analysis of the inferred amino acid

bFig. 2 Results of the SSCP banding profile using B3 primer in
sixteen annatto accessions. a Structural diagram of the Bob-
LCY1 gene of annatto. The letters inside the boxes correspond to
the conserved motifs. The position and length of the primers are
shown as white rectangles. b SSCP results for the banding
profile for primer B3. The lines above the gels show the
phenotypic groups correlated with each pattern. HA haplotype
A, HB haplotype B, HC haplotype C
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sequence of the Bob-LCY1 gene revealed that this

protein is evolutionarily related to beta-cyclases
proteins that are expressed preferentially in photosyn-

thetic tissue, whereas Bob-LCY2 is related to beta-

cyclases enzymes specific for the chromoplast
(Figure S3).

Identification of polymorphism in the Bob-LCY1
gene using the PCR-SSCP method

Using the SSCP method, we explored allelic variation
in the Bob-LCY1 gene among 16 accessions of Bixa

orellana L. Eight primers pairs scanning the Bob-
LCY1 gene were used to amplify *200 bp regions
from genomic DNA of the accessions (Fig. 2a,

Table S1). The SNPs detected were located between

nucleotide coordinates 153–354 (untranslated region,
primers B2) and in the region from 334 to 574

(beginning of the ORF Bob-LCY1 gene sequence,

primers B3). The amplicons corresponding to primers
B3 displayed four different SSCP patterns among the

16 achiote accessions examined (Fig. 2b). Addition-

ally, the changes detected in amplicon B3 corre-
sponded to a plant-characteristic motif of the Bob-

LCY1 gene (plant b conserved region) as summarized

in Fig. S2 (Hugueney et al. 1995; Cunningham et al.
1996). The amplicons produced using the remaining

primers (B4, B5, B6, B7, B8 and B9) did not detect any

polymorphisms.
To verify the polymorphism in the band pattern and

identify the potential SNPs, the polymorphic bands

were isolated, reamplified through PCR and
sequenced. The DNA products from two accessions

in each group were sequenced. The sequence com-

parison of genomic DNA fragments from achiote
plants revealed the presence of single-nucleotide

polymorphisms (SNPs) in the B2 amplicon. We

identified three changes (G249C, T278G and
A293T), representing substitutions of a single nucleo-

tide of the Bob-LCY1 gene. Similarly, the sequencing

of the B3 PCR product revealed five polymorphic sites
(A473C, G515T, C527A, T532C and T552C). The B3

changes were located in the ORF and confirmed in all

accessions (Table 1). SNPs analysis defined three
haplotypes, corresponding to the three groups of

varieties previously defined according to flower and

fruit phenotype, i.e. displaying different colour traits
and bixin production. Plants belonging to group 1

Table 1 SNPs identified after sequencing the polymorphic SSCP bands detected using primer B3

ACCESSION Traits Bixin mg/gDW SNP IV
A473C

SNP V
G515T

SNPVI
C527A

SNPVII
T532C

SNPVIII
T552C

Haplotype A

P12 White flower, green
fruit

8.84 ± 0.30a A G C T T

P19 10.76 ± 0.03 A G C T T

P13 08.76 ± 0.79a A G C T T

N20 09.23 ± 0.80a A G C T T

P37 10.50 ± 0.65a A G C T T

Haplotype B

N9 Pink flower, green/red
fruit

16.90 ± 0.90cd A/C G/T C/A T/C T/C

N3 18.02 ± 0.76d A/C G/T C/A T/C T/C

N6 14.40 ± 0.74b A/C G/T C/A T/C T/C

N1 16.55 ± 0.69cd A/C G/T C/A T/C T/C

N4 16.04 ± 0.52c A/C G/T C/A T/C T/C

BC 20.56 ± 1.00f A/C G/T C/A T/C T/C

Co32 19.28 ± 0.33 A/C G/T C/A T/C T/C

Haplotype C

N5 Purple, red fruit 09.32 ± 0.47a C T A C C

N8p Purple, yellow fruit 8.52 ± 0.22a C T A C C

C1 Purple, red fruit 6.25 ± 0.57 A/C T A C C

C6 Purple, red fruit 12.67 ± 2.45 A/C T A C C
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Fig. 3 a Amino acid substitutions resulting from the SNPs in
the ORF of the gene encoding Bob-LCY1 in contrasting
phenotypes of annatto. The substituted amino acid resulting
from the specific DNA change is shown on top of the
chromatograms. b PCR identification of three haplotypes of

annatto plants. Top of the figure F-HC primer should be absent in
haplotype A (HA); present in haplotype pattern HB and HC.
Bottom of the figure F-HA should be present in haplotype A
(HA) and haplotype pattern HB and absent in haplotype C (HC)
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showed no polymorphism compared with the refer-
ence sequence (cDNA of Bob-LCY1), while the plants
in group 3 showed polymorphisms in the five SNPs.

The plants in group 2 displayed both alleles found in
group 1 and group 3 (Table 1).

We investigated whether the discovered polymor-

phism caused any modification in the Bob-LCY1
protein. The SNPs detected using the B2 primer

(G249C, T278G and A293T) are located immediately

prior to the start of the ORF of the sequence. The SNPs
detected using the B3 primer are located at the

beginning of the gene ORF (Fig. 2a). SNP A473C

results in an asparagine to lysine substitution at amino
acid position 48 (K48 N) (Fig. 3a and Fig. S2). Both

T515G and C527A are silent. T532C leads to the

substitution of an isoleucine for a threonine at position
68 (I68T) (Fig. 3a; Fig. S2). Moreover, T552C leads to

the substitution of a phenylalanine for a leucine at

position 75 (F75L) (Fig. 3a). Accessions with pink
flowers, green fruit with red spines and increased bixin

accumulation in the mature seeds (group 2) displayed

these amino acid substitutions (Table 1; Fig. 3a).

Bixin contents in Bixa orellana accessions

The total bixin contents in mature seeds (S3 develop-

ment stage) (Table 1) was closely associated with

SNPs pattern, and the plants in groups 1 and 3
contained approximately half the bixin content com-

pared with the plants in group 2. The plants in group 1

had white, green fruit and dehiscent pods and average
bixin contents ranging from 8.76 to 10.76 mg/g DW.

The plants in group 2 showed bright pink flowers,

green fruit with red spines and dehiscent pods, with
bixin contents ranging from 16.90 to 20.56 mg/g DW.

The plants in the group 3 had 6.25–12.67 mg/g DW

bixin content with purple flowers, bright red fruit and
dehiscent pots (Table 1). These results demonstrate

that DNA polymorphism is associated with reproduc-

tive traits and bixin contents, enabling seedling
screening for these phenotypic traits.

Haplotype identification

To enable early and efficient detection of the B.
orellana phenotype, specific primers were designed

considering the SNPs in Bob-LCY1 (see ‘‘Materials

and methods’’). The PCR reaction facilitated the

detection of the three putative genotypes, which were
confirmed by sequencing, and determination of zygos-

ity (Fig. 3b). Primer forward F-HA combined with

primer reverse B7 amplified a product from plants
belonging to haplotype A. Forward primer F-HC

combined with reverse primer B7 amplified a product

from plants belonging to haplotype C. Only pattern B
corresponded to PCR products amplified using both

combinations, confirming the presence of three geno-

types, each unique to one group of plants (Fig. 3b).
The plants from group 2 yielded a product from each

set of specific primers, confirming heterozygosity.

The effectiveness of the use of these primers was
strengthened after amplifying DNA from eleven

additional accessions. We found that the banding

pattern showed a perfect match to each of the
phenotypic groups (Fig. S5).

Analysis of Bob-LCY1 and Bob-LCY2 gene
expression in Bixa orellana seeds

Lycopene cyclases are known to have a major
regulatory role in modulating the ratio of carotenoid

biosynthesis. After lycopene is produced, carotenoid

biosynthesis bifurcates to produce epsilon and beta-
carotenoids by the enzymatic activity of two kinds of

lycopene cyclases (review in Cazzonelli and Pogson

2010). Since lycopene is a bixin precursor, a third
branch also leads to bixin production (Bouvier et al.

2003). Thus, the activity of the cyclase Bob-LCY1
may affect lycopene accumulation and therefore
bixin production (review in Cazzonelli and Pogson

2010).

In order to evaluate Bob-LCY1 expression in the
three haplotypes and correlate it with the bixin

production, we performed RT-qPCR from RNA

extracted from three development stages of the seeds
(S1, S2 and S3), corresponding to the developmental

window for bixin accumulation. Based on the results,

we infer that higher levels of lycopene lead to higher
bixin production. We found higher transcript levels

of Bob-LCY1 gene in the S1 and S2 stages from
white flower plants (Group 1). Pink and purple flower

plants displayed lower Bob-LCY1 gene expression

(Fig. 4a). We also analysed Bob-LCY2 expression
finding an opposite expression pattern where the

white flowers accumulated lower transcript levels

(Fig. 4b).
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Discussion

Achiote plants are a source of the orange pigment

bixin. This species has high genetic and phenotypic

variability that affects the production and trade of
bixin because varying bixin levels are accumulated by

different varieties. Thus, the identification of molec-

ular markers is of applied importance. Previous studies
using two achiote variants with contrasting pheno-

types suggested an association between Bob-LCY1

gene expression and the bixin content in mature seeds
and flower and fruit colour (Rivera-Madrid et al. 2006;

Valdez-Ojeda et al. 2010; Rodrı́guez-Ávila et al.

2011). We therefore investigated allelic variation in
the Bob-LCY1 gene using the SSCP method (Orita

et al. 1989), a technique that detects DNA variation in

small amplicons, to identify SNPs associated with
phenotypic traits. This approach has been successfully

used to detect molecular markers in papaya, maize and

watermelon (Devitt et al. 2010; Harjes et al. 2008;
Bang et al. 2007).

By scanning the gene sequence with multiple

primer combinations, we identified polymorphic
bands in two Bob-LCY1 genic regions. The sequenc-

ing of these products identified eight substitutions:

G249C, T278G, A293T, A473C, G515T, C527A,
T532C and T552C. The first three changes are

transversions located 50 of the coding region. Although

these SNPs are not predicted to affect the b-LCY1
protein, the 50 untranslated region (UTR) is important

for the coupling of mRNA to translational machinery

and could affect the translation rate. A sequence
feature search (Huang et al. 2006; Grillo et al. 2010)

identified two potential regulatory elements in the 50

UTR. The first element is an upstream open reading
frame (uORF), spanning nucleotide positions T178 to

A260 and the second element is an internal ribosome

entry site (IRES) beginning at nucleotide 89 and
ending at the start codon. The SNPs localized in the

predicted uORF (G249C) and IRES (T278G and

A293T) are not predicted to disrupt the function of
these putative regulatory elements (data not shown).

The remaining substitutions detected using primer pair

B3 were located in the ORF. The first three substitu-
tions were transversions, while the latter two substi-

tutions were transitions. The ORF substitutions T515G

and C527A are silent, while A473C, T532C and
T552C result in the amino acid substitutions K48N,

I68T and F75L, respectively. K48N is in a phyloge-

netically variable region of the b-LCY1 protein. The
remaining changes identified in amplicon B3, I68T

and F75L are located in the b motif, a characteristic
motif identified in the b-LCY protein of plants, which

might mediate the association of b-LCY with mem-

brane components (Fig. S2) (Hugueney et al. 1995;
Cunningham et al. 1996; Bouvier et al. 1997). These

changes are tolerated according to the Sorting Intol-

erant from Tolerant (SIFT) algorithm, which predicts
the effect of coding variants on protein function

Fig. 4 Expression of Bob-LCY genes in Bixa orellana seeds at
three different development stages (S1, S2 and S3) from plants
of each phenotypic group. a Expression of Bob-LCY1.
b Expression of Bob-LCY2. The black bars indicate plant from
group 1, the grey bars indicate plants from group 2, and the dark
grey indicates plants from group 3. The transcripts were
detected through RT-qPCR using gene-specific primers. An
18S rRNA was included as a reference control. The data are
presented as the mean ± standard deviation (SD). The data
were subjected to analysis of variance (ANOVA), and the mean
comparison (Tukey test at p\ 0.05) was performed using
OriginPro 8 software. The data in the figure represent the
mean ± standard deviation. Different letters denote significant
differences among treatments (p B 0.05)
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(Kumar et al. 2009). The predicted proteins were also
analysed using the CBS prediction suite, TargetP 1.1

(Emanuelsson et al. 2007), which predicted the local-

ization of both protein forms in the chloroplast.
However, the processing site for the signal peptide

was different for each form: the processing site for the

form associated with the white flowered variety is
predicted at amino acid 57, and the processing site for

the form associated with the pink flowered variety is

predicted at position 65, likely affecting the protein
interaction with the chloroplast membrane. This change

is also found in Zea mays (Fig S2), although we do not

know whether both alleles are found in this plant as in
Bixa orellana. Another interesting prediction was

obtained using SUMOplot (Sumoplot, ABGENT).

A SUMOylation site predicted at lysine 69 is consistent
with the I68T polymorphism. Thus, the protein encoded

by the Bob-LCY1 allele associated with white flowers

has a presumably optimal IKKE recognition sequence
for SUMOylation through SUMO-1, while the protein

encoded by the Bob-LCY1 allele associated with purple
flowers alters this site to potentially suboptimal TKKE.
Such alterations might result in differential SUMOyla-

tion of Bob-LCY1, thus altering enzyme activity or

localization in haplotypes associated with purple flower
phenotype (Miura et al. 2009; Park et al. 2011).

Bob-LCY1 is a key enzyme involved in carotenoid

synthesis and it can modulate carotenoid accumulation
(Moreno et al. 2013). Thus, Bob-LCY1 activity

regulation could play an important role in either

promoting the synthesis of cyclic metabolites, such as
ABA (Rodrı́guez-Ávila et al. 2011), as likely occurs in

the plants of group 1 (white flowers), or in promoting

lycopene accumulation, thereby enhancing the bixin
synthesis pathway (plants from group 2 and 3).

However, the correlation between enzyme polymor-

phism and the differential bixin content is not direct
because in this hypothesis more bixin should be

expected in group 3. Instead, heterozygous group 2 has

the highest concentration, suggesting that another type
of regulation might be present since Bob-LCY1 is a

highly regulated enzyme or that the different alleles
result in heterosis for bixin production (Birchler et al.

2010; Fiévet et al. 2010).

The polymorphism identified in Bob-LCY1 displays
a remarkable correspondence to phenotype: varieties

in group 1 are characterized by haplotype A and have

low bixin contents, green fruit and white flowers; those
in group 2 are characterized by haplotype pattern B,

with greater bixin quantities, pink flowers and green
fruit with red spines; varieties in group 3 display

haplotype C and have intermediate bixin content,

purple flowers, red fruit (Table 1). The SNP pattern of
varieties in group 2, which combines the features of

both haplotypes, is consistent with B, reflecting the

heterozygosity of haplotypes A and C. The flower and
fruit colour phenotype displayed by the B type is

approximately semi-dominant, i.e. intermediate

between A and C. Interestingly, this is not the case
for bixin production, as the high amount is inconsistent

with additivity. Non-additive phenotypes are associ-

ated with heterosis, a response displayed by hybrids
between diverged parents and involving enhanced

growth, stress tolerance, improved agronomic charac-

teristics and also any transgressive trait (East 1936;
Birchler et al. 2010; Ding et al. 2014). Metabolic

heterosis has been documented in Arabidopsis (Fiévet

et al. 2010), but this feature is relatively uncommon
and primarily consistent with epistasis. In the case of

Bob-LCY1, heterozygosity at this locus, as displayed

by the group B plants, may be all that is required to
increase bixin concentration. Further genetic charac-

terization and transcription and biochemical analysis

of the genes encoding bixin biosynthesis will be
necessary to fully examine this hypothesis and under-

stand the associated mechanisms.

Phenotypically relevant variation of the Bob-LCY1
gene has also been observed in other species. Bang

et al. (2007) characterized the b-LCY gene in two

varieties of watermelon with contrasting fruit types
and found that a SNPs resulting in a Phe to Val change

at position 226 of the b-LCY protein was associated

with the red to yellow colour change in the fruit. A
similar case in papaya involved fruit carotene content

(Devitt et al. 2010). The yellow-fruited variety accu-

mulates lycopene and b-carotene, while the red-fruited
variety accumulates lycopene in its mature fruit. One

of the two b-LCY genes in papaya was expressed in

chromoplasts of non-photosynthetic tissue. This b-
LCY gene has a dinucleotide insertion and encodes an

inactive, truncated enzyme resulting in the accumula-
tion of lycopene in the red variety. In addition to

having implications for carotene synthesis regulation,

Devitt et al. (2010) noted that the corresponding
molecular markers were important for the genetic

improvement of papaya.

Polymorphism associated with phenotypic charac-
teristics in plants has been demonstrated in other
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members of the cyclase family of enzymes involved in
carotenoid biosynthesis (Ronen et al. 2000). The CCS

enzyme in Capsicum annuum adds j terminals to

antheraxanthin or violaxanthin molecules and b rings
to trans-lycopene. Ha et al. (2007) identified a

polymorphism in the corresponding gene resulting in

non-synonymous amino acid changes and deletions
affecting the ORF. These changes were associated

with differences in the level and content of carotenoids

in mature fruit. It has been suggested that inactivation
of the CCS gene might result in lower quantities of

carotenes in yellow-fruited Capsicum sp. varieties (Ha

et al. 2007). Other changes in the genes of the cyclase
family have been associated with altered carotene

synthesis. Harjes et al. (2008) demonstrated in maize

that mutations in the e-LCY gene, which adds epsilon
terminals to trans-lycopene, are associated with the

differential accumulation of a-carotene versus b-
carotene and b-cryptoxanthin. The identification of
these polymorphic alleles of the e-LCY gene facilitates

the development of molecular markers suitable for

selecting maize plants with increased b-carotene
content in the seeds.

The expression level of the Bob-LCY1 gene during

Bixa orellana seed development (Fig. 4a) was higher
in the plants of flower group 1, haplotype A compared

with those from plant N4, group 2 and plant N5 from

haplotypes B and C. According to the bixin biosyn-
thesis model (Cárdenas-Conejo et al. 2015), high Bob-
LCY1 transcript levels (Bo-bLCY1 activity) in imma-

ture seeds correspond to less lycopene availability for
bixin synthesis resulting in less bixin product. There-

fore, a low Bob-LCY1 expression (less Bob-LCY1
activity) promotes lycopene accumulation, which
might subsequently be used for bixin synthesis. The

behaviour of the Bob-LCY1 gene transcript and the

low quantities of bixin in plants with white flowers in
Group 1 (Fig. 3a; Table 1) support the bixin biosyn-

thesis model (Cárdenas-Conejo et al. 2015), suggest-

ing that in these plants lycopene is used by Bob-LCY1
to produce other, non-bixin metabolites, which corre-

lates with less bixin production. Bob-LCY2 shows an
opposite pattern (Fig. 4b) which does not correlate

with this hypothesis. The Bob-LCY1 transcript levels

and the quantities of bixin in haplotype B plants are
also consistent with the bixin biosynthesis model

(Cárdenas-Conejo et al. 2015); however, these fea-

tures are not consistent with haplotype C plants.
haplotype C plants displayed low Bob-LCY1 transcript

levels and similar quantities of bixin compared with
haplotype A plants. These results suggest an heterotic

response because the bixin biosynthesis model pre-

dicts that haplotype C should display the highest
quantities of bixin, but haplotype B, which has both

alleles, is in fact the most productive group. We

hypothesized that any modulation in expression would
affect these responses if dosage sensitivity were

involved. Furthermore, any dosage-sensitive gene in

the regulatory hierarchy of the carotenoid pathway
controlling this gene might also play a role in heterosis

(Birchler et al. 2010). Additional experiments will be

necessary to demonstrate this hypothesis. Still, no
differences associated with the phenotype were

observed using SSCP for other genes of the carotenoid

route, including Bob-LCY2, phytoene synthase, phy-
toene desaturase, epsilon cyclase or carotenoid cleav-

age dioxygenase.

Relevant to breeding, the achiote haplotypes dif-
ferentiated by SNPs and associated with phenotypic

traits, such as bixin production and flower and fruit

colour, can easily be detected through PCR using
specific primers (Fig. 3b).

Conclusions

The different alleles identified in the Bob-LCY1 gene
of B. orellana associated with fruit and flower colour

and bixin contents might also be involved in the

regulation of carotenoid synthesis, as proposed for
watermelon, papaya, chilli and maize (Bang et al.

2007; Ha et al. 2007; Harjes et al. 2008; Devitt et al.

2010). The identification of the genes involved in the
bixin pathway is necessary to completely understand

the regulation of this gene and the molecular basis for

the heterosis phenotype associated with bixin
production.

The discovery of these alleles in Bixa orellana

provides molecular markers for selecting plants with
increased bixin contents during early plant develop-

ment, revealing an important tool for the genetic
improvement of this woody plant, as a more accurate

selection of productive individuals can now bemade at

an early stage of the plant. These findings have an
important application in the production of bixin from

B. orellana and provide incentives to study other key

genes, such as Bob-LCY2 and -cyclase, to identify
additional single-nucleotide polymorphisms (SNPs).
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Agroproductividad 5:3–8

Bang H, Kim S, Leskovar D, King S (2007) Development of a
codominant CAPS marker for allelic selection between
canary yellow and red watermelon based on SNP in lyco-
pene b-cyclase (LCYB) gene.Mol Breed 20:63–72. doi:10.
1007/s11032-006-9076-4

Bassam B, Caetano-Anolles G, Gresshoff P (1991) Fast and
sensitive silver staining of DNA in polyacrylamide gels.
Anal Biochem 196:80–83

Birchler JA, Yao H, Chudalayandi S, Vaiman D, Veitia RA
(2010) Heterosis. Plant Cell 22:2105–2112. doi:10.1105/
tpc.110.076133

Bouvier F, d’Harlingue A, Camara B (1997) Molecular analysis
of carotenoid cyclase inhibition. Arch Biochem Biophys
346:53–64. doi:10.1006/abbi.1997.0278

Bouvier F, Dogbo O, Camara B (2003) Biosynthesis of the food
and cosmetic plant pigment bixin (Annatto). Science
300:2089–2091

Cárdenas-Conejo Y, Carballo-Uicab V, Lieberman M, Aguilar-
Espinosa M, Comai L, Rivera-Madrid R (2015) De novo
transcriptome sequencing in Bixa orellana to identify
genes involved in methylerythritol phosphate, carotenoid
and bixin biosynthesis. BMC Genom 16:877. doi:10.1186/
s12864-015-2065-4

Cazzonelli CI, Pogson BJ (2010) Source to sink: regulation of
carotenoid biosynthesis in plants. Rev Trends Plant Sci
15:266–274. doi:10.1016/j.tplants.2010.02.003

Cunningham FX Jr, Gantt E (1998) Genes and enzymes of
carotenoid biosynthesis in plants. Annu Rev Plant Physiol

Plant Mol Biol 49:557–583. doi:10.1146/annurev.arplant.
49.1.557

Cunningham FX Jr, Pogson B, Sun Z, McDonald KA, Del-
laPenna D, Gantt E (1996) Functional analysis of the beta
and epsilon lycopene cyclase enzymes of Arabidopsis
reveals a mechanism for control of cyclic carotenoid for-
mation. Plant Cell 8:1613–1626

De Almeida P, Carvalho C, Clarindo WR (2006) Classical and
molecular cytogenetic tools to resolve the Bixa karyotypes.
Cytologia 71:391–398

Devitt LC, Fanning K, Dietzgen RG, Holton TA (2010)
Isolation and functional characterization of a lycopene
b-cyclase gene that controls fruit colour of papaya
(Carica papaya L.). J Exp Bot 61:33–39. doi:10.1093/
jxb/erp284

Ding H, Qin C, Luo X, Li L, Chen Z, Liu H, Gao J, Lin H, Shen
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